During meiosis, the specialized cell division giving rise to gametes, numerous DNA doublestrand breaks (DSBs) are introduced at multiple places throughout the genome by the topoisomerase-like protein Spo11. Homologous recombination, a highly-conserved DSB repair pathway, is employed for their repair and ensures the formation of chiasmata and the proper segregation of homologous chromosomes. In the initial steps of recombination, end resection takes place, wherein Spo11 is endonucleolytically released and the 5ʹ-terminal strands of each DSB are exonucleolytically processed, exposing the ssDNA necessary to identify a homologous repair template. DNA removed by DSB processing is reconstituted by DNA synthesis, which copies genetic information from the intact homologous template. We developed a nextgeneration sequencing assay, termed S1-seq, to study DNA end resection genome-wide at high spatial resolution during yeast meiotic recombination. The assay relies on the fact that removal of the ssDNA tails of resected DSBs marks the position where resection stopped. Molecular features of resection are revealed by sequencing of these ssDNA-to-dsDNA junctions and comparison to high-resolution Spo11 DSB maps. We describe the experimental and computational methods for S1-seq as applied to meiosis in the SK1 strain of budding yeast Saccharomyces cerevisiae, and discuss how it can also be applied to map DSBs and recombination intermediates.
Introduction
Meiotic homologous recombination plays a pivotal role in sexual reproduction and genetic diversity by promoting proper segregation of homologous chromosomes and by disrupting linkage groups (Hunter, 2015; Thacker, 2016) . The event that initiates exchange of genetic information between parental chromosomes is the formation of DSBs by the transesterase Spo11 (Lam & Keeney, 2014) (Figure 1) . These DSBs tend to cluster in narrow regions called hotspots (de Massy, 2013; Petes, 2001) . Following break formation, the DNA ends undergo resection, the 5′→3′ degradation that gives rise to 3′ single stranded DNA (ssDNA) overhangs (Mimitou & Symington, 2009 ). This step is important to reveal the sequence proximal to the break, which when coated with the strand exchange proteins Rad51 and Dmc1 can invade the repair template in the homologous chromosome and initiate repair DNA synthesis, thus restoring the information lost during resection (Neale & Keeney, 2006) . Shortly after the DSB is formed, the highly conserved Mre11-Rad50-Xrs2 (MRX) complex provides the Mre11 nuclease, which cooperates with Sae2 to nick the Spo11-bound DNA strands near the break ( Keeney, 2005) . Mre11 then degrades the nicked strand towards the break via its 3′→5′ exonuclease activity, releasing Spo11 bound to short oligos (Garcia, Phelps, Gray, & Neale, 2011; Zakharyevich et al., 2010) . The Mre11 nicks also constitute entry points for the 5′→3′ exonuclease, Exo1, which extends resection to an average of 822 nt (Mimitou, Yamada, & Keeney, 2017; Zakharyevich et al., 2010) . During recombination in vegetative cells, a parallel pathway resects DSBs redundantly with Exo1, and depends on the concerted action of the Sgs1-Top3-Rmi1 complex and the Dna2 endonuclease (Mimitou & Symington, 2008 ; Zhu, Chung, Shim, Lee, & Ira, 2008).
Overview of S1-seq
The sensitivity of the 3′ ssDNA of resected DSBs to ssDNA-specific endonucleases provides a tool to map resection endpoints by sequencing the region where ssDNA transitions to dsDNA (Figure 1) (Mimitou et al., 2017) . We isolate genomic DNA of meiotic cells in lowmelting point agarose plugs to protect the DNA from random shearing. The plugs are treated with S1 nuclease and T4 DNA polymerase, then the blunt-ended chromosome fragments are ligated to a 5ʹ biotinylated dsDNA adaptor. Following extraction of DNA from the agarose plugs and sonication, we affinity purify the biotinylated fragments and ligate different adaptors to the opposite ends. The DNA is then amplified by low cycle PCR and deep sequenced, then the reads are mapped to a reference genome. Overlay of the sequencing reads with mapped Spo11 DSB sites (Pan et al., 2011) reveals features of resection genome-wide (Figure 1) .
At least two biological replicates for each background and time point should be sequenced. In our hands, the assay displays high reproducibility (typical Pearson's r = 0.98) (Figure 2A,B) . Several features of the data confirm S1-seq as a readout of bona-fide resection endpoints. First, each DSB hotspot gives rise to surrounding reads that have the expected polarity: resection to the right results in endpoints that map to the top strand, whereas resection to the left gives rise to endpoints that map to the bottom strand (Figures 3A,B) . Second, premeiotic samples or samples from the catalytically inactive spo11-YF mutant lack enrichment of signal around hotspots, confirming that the S1-seq signal is DSB-dependent ( Figure 3B) . Third, S1-seq read counts correlate well with Spo11-oligo counts (Figure 3C) . Finally, the S1-seq signal displays the proper genetic control: it clusters more closely to hotspot midpoints in an exo1 nucleasedefective mutant and spreads further away in the dmc1Δ mutant, in which DSBs experience 5. Add 498 µL 2% LMP agarose, mix well, and quickly pipet into plug molds (~90 µL each).
6. Allow to solidify at 4°C for ≥30 min. 7. Express agarose plugs (3 at a time) into 3 mL of Solution 2 in 15 mL conical tubes and incubate at 37°C for 1 h.
8. Carefully aspirate Solution 2 and replace with 3 mL of Solution 3. 9. Incubate at 50°C overnight. 10. Wash plugs with 3 mL 50 mM EDTA pH 8, three times for 20 min each, with gentle shaking.
11. Aspirate last wash and add 3 mL plug storage solution.
12. Store at -20°C until all plugs are ready to be processed for library preparation.
Library preparation

Plug processing for overhang removal and adaptor ligation
All DNA treatments in this step are performed in the plugs to avoid pippeting and to minimize non-specific shearing of genomic DNA. For efficient in-plug overhang removal and adaptor ligation, a sequential treatment with S1 nuclease and T4 DNA polymerase is required before ligation. Even though S1 nuclease treatment is sufficient to remove the ssDNA tails, the subsequent ligation step is not efficient unless a clean-up reaction with T4 DNA polymerase is performed (E.P.M., unpublished observations). Optional step: Some processed plugs can be set aside to serve as a control reaction, wherein a non-biotinylated P5 adaptor is ligated to the blunt ends after S1/T4 treatment. This reaction is then processed throughout the protocol in parallel with the biotinylated samples and serves to monitor background from non-specific binding of DNA to the beads. 2. Place one plug in each tube to rinse away the plug storage buffer. 3. Aspirate 1× TE and replace with 500 µL 1× S1 buffer. Equilibrate for 30 min. See note 3. 4. Repeat step 3 three times, so total equilibration time in 1× S1 buffer is 2 h. 5. Aspirate and replace with 500 ul 1× S1 buffer containing 9 U of S1 nuclease. 6. Place on ice for 15 min to allow the enzyme diffuse into the plugs. 
Gel extraction and size selection
This step aims at releasing total DNA from the agarose plugs and further separating large genomic DNA fragments from residual unligated P5 adaptor. We found that including the size chromatography step reduced the background at later steps in this protocol (PCR amplification) so we deem it important (see note 4). 3. Add 1 unit GELase per plug (i.e., 10 U total) and incubate at 45°C for 30-45 min. 4. Add 1:1 ratio of phenol, mix by inversion and spin at max speed for 10 min. 5. Carefully transfer the aqueous phase to new tubes. 6. Add 0.1 volume of sodium acetate pH 5.5 and 2.5 volumes 100% ethanol, mix by inversion 5-6 times, and place at -20°C for ≥1 hr. 7. Centrifuge at full speed for 15 min and wash pellet once with 70% ethanol. 8. Dry pellet at room temperature for 15 min. 9. Solubilize in 120 µL 10 mM Tris-HCl pH 7.5. 10. Add 24 µL 6× loading dye and mix well by gently flicking the tube (see note 5). 11. Meanwhile prepare a 1% LMP 1× TAE agarose gel, containing 0.5 µg/mL ethidium bromide. 12. Carefully load the genomic DNA into the wells (see note 5) and subject to electrophoresis at 80 V/cm for 2 h. 13. Visualize the gel; a typical run is shown in Figure 5A . Excise To verify the size range of the library, a dilution of the library is analyzed on a Bioanalyzer Instrument (Agilent Technologies) according to manufacturer's instruction. An example is shown in Figure 5B .
Material, Solutions, and Reagents
Streptavidin purification, end repair, and second-end ligation
This step enriches for fragments containing the biotinylated P5 adaptor followed by ligation of the P7 adaptor. Upon capture, all subsequent steps up to PCR amplification can be performed on beads. 18. Resuspend beads in 20 µL 10 mM Tris-HCl pH 7.5 and store at 4°C. 
PCR amplification and size selection
Bioinformatics analysis
Mapping of reads
Mapping of the reads onto the S288c reference genome (SacCer2) is performed using the SHRiMP mapper (Rumble et al., 2009 ) (gmapper-ls) with arguments:
Before mapping, adaptor sequences are removed using fastx_clipper (http://hannonlab.cshl.edu/fastx_toolkit/) and a custom script. Code used for read processing and mapping is available online at https://github.com/soccin/S1-seq. After mapping, the reads are separated into unique and multiple-mapping sets, but only uniquely mapping reads are analyzed.
Curation of data
Before any analysis, maps are curated by masking 500 bp at the ends of each chromosome, because telomeres represent naturally occurring resected DNA ends and therefore give a high frequency of reads. We further mask regions that give a high frequency of meiotic DSBindependent reads (Mimitou et al., 2017) . A table of mask coordinates is provided at https://github.com/soccin/S1-seq. Moreover, reads mapping to mitochondrial DNA or the 2µ plasmid are excluded. Each map is normalized to reads per million remaining mapped reads and then biological replicates are averaged.
Data analysis
Analyses can be performed using the R package. Our analyses use a hotspot list compiled from a combination of multiple independent wild-type Spo11-oligo maps (Mohibullah & Keeney, 2016) . For quantitative and modeling analyses we use a subset of hotspots for which no other hotspot is located within 3 kb, and for which hotspot width is less than 400 bp (n=405). S1seq reads of polarity opposite to expectation for resection endpoints are subtracted to correct for RI signal and any negative values that arise are set to NA.
Notes
1. To monitor the progression of cell divisions, collect a small volume (≥ 25 µL) of the sporulation culture at least every two hours (e.g., t = 0, 2, 4, 6, 8 h, and one at a later time point e.g., t = 24 h for S. cerevisiae SK1). Harvest cells and fix in 100 µL 40% ethanol in 0.1 M sorbitol. Add 1 µL 10 mg/mL DAPI (4′, 6-diamidino-2-phenylindole) and score mono-, bi-and tetranucleate cells by fluorescence microscopy. Fixed cells can be stored at 4°C until ready to count. 2. The cell suspension is very dense at this point, so avoid moving the cells from tube to tube. Instead, add solution 1 and LMP to the cells, either as a premix or sequentially and quickly mix and cast into the plugs. 3. Perform all buffer exchanges carefully -so as not to disrupt the plugs -by guiding the pipet tip to the side of the tube. Incubations can be performed with gentle shaking, on a horizontal platform mixer for example, but we do not find this necessary. 4. We noticed substantial DNA loss after the Chroma-Spin column step, but omitting it altogether resulted in the presence of background bands after PCR amplification. More recent S1-seq libraries in our laboratory replaced this step with sonicator shearing (200-500 bp), followed by SPRI size selection (e.g., Ampure XP beads). In this case the Covaris shearing step is also omitted. 5. The DNA solution at this point is extremely viscous because it contains high molecular weight fragments. Be patient: Pipet gently and slowly and mix by flicking the tube. Moreover, caution should be exerted while loading the samples onto the gel wells. Deposit sample inside the well slowly, avoiding air bubbles, and make sure the tip is no longer connected to the viscous solution when you remove it from the well. 6. The latest S1-seq libraries in our laboratory were submitted for paired-end sequencing and the improved mapping helped remove some of the non-specific signal, reducing the number of positions in the genome that need to masked. 
Figure legends:
Figure 1: Schematic of the key steps employed in S1-seq: DNA from meiotic cells bearing processed Spo11 DSBs is embedded in agarose plugs to protect from shearing. Treatment with S1 nuclease and T4 DNA polymerase removes the 3ʹ overhang and prepares the ends for ligation with the 5ʹ biotinylated adaptor. Following extraction from the plugs and sonication, the biotinylated fragments are bound on streptavidin beads and the second adaptor is ligated. Lowcycle amplification by PCR creates the library that is submitted for next generation sequencing and eventually mapped to the reference genome.
Figure 2:
Reproducibility of S1-seq: A. Spatial reproducibility of S1-seq maps. Uniquely mapped S1-seq reads were normalized to reads per million (RPM). A region of chromosome III is shown as an example of the reproducibility between two wild-type datasets. B. Quantitative reproducibility of S1-seq maps. Normalized, uniquely mapped reads were summed in 1-kb nonoverlapping windows for two wild-type biological replicates. Adapted from Mimitou & Keeney, 2017.
Figure 3:
Validation of S1-seq: A. Schematic of the S1-seq signal polarity. Resection to the right or left should yield reads mapping to the top or bottom strands, respectively. B. An example of Spo11-oligo and strand-specific S1-seq reads (51-bp smoothing) surrounding the RSN1 hotspot. C. S1-seq correlates well with Spo11 oligos: S1-seq signal (wild-type, 4 h) was summed from +200 to +1600 (top strand) and -200 to -1600 (bottom strand) relative to hotspot midpoints and plotted against the sum of the Spo11-oligo hitcount for each corresponding hotspot. For this analysis, hotspots with no other hotspot within 2 kb were used. D. Spo11-oligo and strandspecific S1-seq reads as in panel B. Adapted from Mimitou & Keeney, 2017.
Figure 4:
Adaptations of S1-seq: A. S1-seq in a sae2Δ background can reveal unresected Spo11 DSBs that correlate well with DSBs mapped by traditional Spo11-oligo sequencing. B. A snapshot of top-and bottom-strand S1-seq reads on the right side of a Spo11 hotspot. The most abundant top-strand reads represent resection endpoints whereas the bottom-strand signal originates from RIs. C. A graphical representation of the different species detected by S1-seq around hotspots: resection endpoints (light gray), RIs (blue), and unresected DSBs (dark gray). Adapted from Mimitou & Keeney, 2017. 
